Abstract-This paper summarizes the trends in laser technology and facilities for advanced accelerator research as presented at the Advanced Accelerator Concepts Workshop held in Breckenridge, CO between August 12 and August 17, 2018. A synopsis of how contributions presented at the conference fit within these trends is provided. Readers may then refer to the full references for additional detail.
I. INTRODUCTION
Working group 8 of the Advanced Accelerator Concepts (AAC) Workshop was commissioned with the following charge:
"Working group 8 had two major thrusts related to the role of lasers and particle drive beams in advanced accelerator research:
1. Advancement of laser technologies and their application for advanced accelerators. In particular, continuing advances in laser-based particle acceleration is critically dependent on the continuous development of both high peak-power (multi-terawatt and petawatt) and high average-power laser drivers. Example laser systems of interest to the AAC community are described in the 2013 report from the US Workshop on Laser Technology for Accelerators.
2. Advancement of laser and particle beam facilities for development and testing of advanced acceleration techniques. In particular, how are new technologies being made available to researchers.
The working group brought together researchers from academia, national laboratories, laser and accelerator facilities, and commercial vendors to discuss laser and particle beam technologies to address accelerator community needs. Discussions focused on significant advances in technology that address scaling of peak and average power, increased wall plug efficiency, robust operation, beam quality, pulse quality and diagnostics and controls for lasers. Progress in particle drivebeam design was also discussed.
Additionally, there was a strong focus on the availability of suitable particle and laser sources to the advanced accelerator community, and how new technologies were being introduced to those communities. Identification of Science and Technology gaps and ideas for bridging these gaps were of interest.
There were approximately 30 participants in Working Group 8 (WG8). Of the eight WG8 sessions, three were joint sessions with working groups 1, 5 and 6. Joint sessions with working groups 1 and 6 are included in the summary papers from those working groups. The joint session with working group 5 is included here. There were 23 oral presentations and 3 posters as well as approximately one and one-half sessions devoted to community discussion of key trends and topics. This paper is organized according to the themes that emerged over the course of the conference and is not a rote recitation of the papers as presented. If the latter is desired the reader is advised to access the conference web-site [1] and follow the associated links for paper abstracts. In the next five sections we discuss themes in CO 2 Lasers, Diode Pumped Solid State Lasers, Fiber Lasers, Optics for High Peak and High Average Power Lasers and Accelerator Facilities. As this paper is itself a summary, no summary of the summary is provided.
II. CARBON DIOXIDE LASER TECHNOLOGY
There are two high peak power, short pulse long-wave infrared (LWIR) lasers in the United States, one at Brookhaven National Laboratory (BNL) and one at the University of California at Los Angeles (UCLA) with a third under construction at the Naval Research Laboratory (NRL). The BNL laser system uses chirped pulse amplification along with mixed isotope CO2 to produce 1.5 TW peak power (pulse optimization experiments are in progress that should bring this to 2.0 TW in the near future) in single pulses at a rate of one pulse every 20 seconds. The UCLA laser system produces 5 TW peak power in the largest of a train of pulses at a rate of one pulse every 5 minutes. The use of mixed CO2 isotopes in the BNL system smooths the CO2 gain spectrum enabling single pulse operation whereas the spiky spectrum of standard CO2 gain spectrum generates the multi-pulses observed in the UCLA system.
The key advances in this technology reported since AAC 2016 were the full-scale implementation of the combination of mixed isotope CO2 to smooth the gain spectra along with implementation of chirped pulse amplification enabling generation of single, high peak power pulses. In the discussion This work was performed in part under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344..
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• Efficiency and average power: in order for short pulse CO2 lasers to attain significantly higher repetition rate and higher wall plug efficiency it will be necessary to implement optical pumping of the CO2 gain medium, preferably at 4.2 µm. The community suggested that one means for doing this was to start with an energetic 1.05 µm diode pumped solid state laser and then utilize degenerate difference frequency generation to create energetic 4.2 µm pulses for pumping CO2. This suggestion was met with some enthusiasm and it is hoped R&D in this area will progress significantly between now and AAC 2020.
• Diagnostics in the 9-10 µm wavelength range: Currently pulses are diagnosed via autocorrelation, implantation of FROG techniques would greatly improve understanding of the output pulses of these laser systems. Further better spectrometers and faster beam quality measurements are greatly desired.
Mikhail Polyanskiy's paper discussed 2 ps, 2 TW CO2 laser pulses [2] and detailed the BNL results showing the positive impact of combining isotopic mixes of CO2 to smooth the CO2 gain spectra with implementation of chirped pulse amplification. BNL has attained 1.5 TW peak power at 9.2 µm in a 2 ps optical pulse. The measured auto-correlation clearly shows the pulse is not yet optimized in pulse width and further optimization is anticipated to yield >2 TW peak power in the near future with the potential for scaling to >5 TW with higher energy. Eric Welch's paper [3] showed the impact of increasing the seed pulse energy to the CO2 laser amplifier chain. Specifically, it was shown that employing an optical parametric chirped pulse amplifier (OPCPA) front end to increase the seed pulse energy from the nJ level to the 10 µJ level changed the character of the resulting output pulse train. A particular feature of this change in character is that the highest peak power pulse in the pulse train moves from the middle of the pulse burst to the 1 st pulse in the chain. This is very advantageous from the viewpoint of the typical experimentalist. The goal of the work is to generate a 5-10 TW peak pulse in the leading pulse of a train by the end of 2018.
Yu-Shen Chen presented a paper on employing backward Raman amplification to dramatically shorten the attainable pulse widths from LWIR lasers [4] . The theoretical results presented suggest pulse widths less than 100 fs may be attainable using this technique. That in turn could enable much higher peak powers from these systems and employing these systems to probe physical phenomena occurring on 10 times shorter timescales than presently attainable. An experimental demonstration of this concept is planned between now and AAC 2020.
III. DIODE PUMPED SOLID STATE LASER TECHNOLOGY
The diode pump solid state laser (DPSSL) technology category breaks down into two fundamentally different approaches; a 1 µm class DPSSL that is frequency doubled and used to pump a Ti:Sapphire laser and direct amplification of ultrashort pulses in a DPSSL gain medium. The most successful approach to date has been the Ti:Sapphire approach, but this approach is limited in both the attainable wall-plug efficiency and the average power scalability. Reports on three state of the art Ti:Sapphire lasers were presented at the conference and two direct DPSSL approaches that are in development were reported on at the conference. The key challenges these systems need R&D to address are:
• Electrical efficiency
• Thermal management
• Pulse duration (attaining <100 fs) Emily Link's plenary talk reviewed the High Average Power Laser System (HAPLS) that was recently delivered to the Extreme Light Infrastructure Beamlines Project in Prague [5] . The HAPLS laser is a high energy, high average power Ti:Sapphire laser pumped by a diode pumped, helium gas cooled glass slab laser. The HAPLS design point is 30 J, 28 fs, 10 Hz and to date HAPLS has reliably demonstrated 15 J, 32 fs and 3.3 Hz. Commissioning experiments are in progress to bring the laser power and energy up to the design point. Dr. Link's talk also reviewed proposed new design concepts for direct DPSSL approaches to addressing the community needs. These design concepts were inspired by the HAPLS architecture. The Scalable High-Power Advanced Radiography Capability (SHARC) concept considers the potential to convert the HAPLS pump laser directly into an ultrashort pulse laser source. This could potentially yield a 1 PW, 150 J, 150 fs, 10 Hz laser system at 1.053 µm by adding chirped pulse amplification to the current HAPLS pump laser design. Assuming success this could be scaled to higher pulse energies in a straightforward fashion. The Big Aperture Thulium (BAT) laser concept proposes a pathway for electrically efficient average power scaling of ultrashort pulse lasers using Tm:YLF as the gain media and is based on the HAPLS pump laser architecture for its approach to thermal management. Tm:YLF is a readily available crystal material with a long upper state lifetime. The long upper state lifetime enables continuous wave diode laser pumping and multipulse extraction. BAT has the potential to yield up to a 30 J, 100 fs, 1.95 µm at 10 kHz (300 kW) with a wall plug efficiency of 21% including all sources of power including power for thermal management. Both SHARC and BAT are in the early stages of development at this point in time.
Kei Nakamura presented a talk demonstrating full 3D characterization of the spatial-temporal characteristics of the Lawrence Berkeley National Laboratory (LBNL) Berkeley Lab Laser Accellerator (BELLA) laser at its focus [6] . The LBNL BELLA laser was built by Thales and is a Ti:Sapphire laser system pumped via frequency doubled 1 µm lasers. BELLA produces pulses that are 42 J, 32 fs at 1 Hz. BELLA is an operational laser facility producing a wide range of valuable scientific data and was the basis for a number of results presented in other working groups at AAC. Dr. Nakamura's talk reviewed the diagnostic techniques developed to understand the electromagnetic field of the pulses as they go through focus. This is critically important to understanding the interaction between the laser pulses and the experiment. The resulting movie of the pulse going through focus was very memorable and one of the highlights of the WG8.
Dr. Jorge Rocca presented on recent work at Colorado State University (CSA) where both the green laser pumped Ti:Sapphire and directed DPPSL approaches are being investigated [7] . Dr. Rocca's team at CSU has developed a 3.3 Hz flashlamped pumped 1 µm laser that has been frequency doubled and used to pump a Ti:Sapphire laser system currently producing 0.8 PW pulses at 3.3 Hz. This is currently the highest average power PW-class laser of which we are aware. Dr. Rocca's approach to direct ultrashort pulse generation using DPPSL technology is to use cryo-cooled "thick" Yb:YAG laser disks. To date, this has produced 1 J, <5 ps pulses at 500 Hz and demonstration of 1 J and 1 kHz with pulse compression and characterization experiments in progress. This is a very impressive result and to our knowledge also at the forefront of the demonstrated average power regime for high energy, high average power ultrashort pulse lasers.
IV. FIBER LASER TECHNOLOGY
Fiber laser technology is a promising approach to addressing the long term needs of the AAC community because fiber lasers scale well to high average power and have enviably high wall plug electrical efficiency. However, individual fiber lasers by their nature do not produce pulses with sufficient energy to be of interest to many of applications of the AAC community. Non-linearity and dispersion are additional challenges both to pulse energy and pulse quality. However, in the continuous wave regime (non-pulsed lasers) there have been numerous, very successful demonstrations showing that it is possible to combine a relatively large number of fiber lasers into a single beam. Significant work is now taking place attempting to extend this success to pulsed laser systems and success in doing so may enable this laser technology to provide the AAC community with the electrically efficient, high peak, high average power laser systems.
During the discussion sessions, the community discussed the challenges facing beam combination of many short pulse fiber lasers. These challenges were agreed to be:
• Energy scaling
• Pre-pulse contrast
• Monolithic integration of large core fibers
• Control loops at high channel number
The community also agreed that part of the challenge in prepulse contrast is that is not yet completely clear what the requirement is for the accelerator application. Indeed, different applications may have very different requirements. For example, ion acceleration from solid targets is known to require prepulse power contrast in excess of 10 10 , however, laser plasma wake field acceleration can benefit from the deliberate introduction of a heating pulse in advance of the short pulse. A better understanding of the application requirements would help determine how high a priority this issue is.
Much of the work presented in this area came from the DOE funded team of LBNL, University of Michigan and Lawrence Livermore National Laboratory (LLNL). This team has been championing an approach to energy scaling that uses a combination of spatial, and temporal multiplexing of pulses. Two of the most significant recent advances in the field were presented at the conference. Hui Pei presented work performed at the University of Michigan that used a combination of a very large chirally coupled core fiber that produced 10 mJ pulses compressible back to 540 fs using temporal pulse stacking [8] . This technique created up to 81 temporal pulse replicas that were phase and amplitude modulated in such a way that they could be restacked temporally using a series of Giles-Tournois Interferometers into single pulses. The team is currently working on improving the pulse quality and fidelity of the pulse stacking [9] . Russell Wilcox at LBNL reported on a new methodology for phase detection and stabilization of the pulse stacking cavities and showed his method could stabilize a 25-pulse stacking system to better than 1.5% for over a full day [10] . Tong Zhou of LBNL reported on a new method for spatial beam combining of ultrashort pulses that uses two diffractive optical elements to combine a 2D array of short pulse beams into a single output beam [11] . This important advance solves the problem of pulse front tilt. This problem is unique to broadband lasers and not encountered in the simpler case of coherent combination of continuous wave lasers. Diana Chen of LLNL reported on the outcome of a modeling study that looked at the impact of material dispersion, non-linear effects, gain, amplified spontaneous emission and simulation noise on pre-pulse contrast in short pulse fiber laser systems [12] . The results from the modeling are very promising for the short pulse contrast issue, but not in line with observed performance of as built systems. It is speculated that additional effects, such as multi-path interference, which was not modeled, are the cause of the discrepancy. LLNL is currently executing a series of deliberate, controlled experiments to locate the point where model and experiment diverge.
Other work presented in the fiber laser section included an intriguing paper by Mathew Whittlesey of University of Michigan, who presented on using spectral beam combination to create novel chirped pulses that can be recompressed to interesting new pulse shapes [13] . In particular, he showed that in theory it is possible to create a sinc 2 spectrum, that can be recompressed to a pulse that temporally square and transform limited. Zhi Zhao of Brookhaven National Laboratory presented a paper on a high-power photo-cathode drive laser based on a high power Yb doped fiber laser [14] . He demonstrated 180 W of green light and is working on macromicro pulse bunches desired for accelerator applications.
V. OPTICS TECHNOLOGY FOR HIGH PEAK AND HIGH AVERAGE POWER LASERS
There was only one paper on optics presented at the conference. However, the topic of optics for high peak and high average power laser systems was talked about at length in the discussion sessions. Survivability of optics is a key concern for high peak, high average power laser systems. For example current 1 Hz systems such as BELLA see issues at the 500,000 shot level, which is less than 1 minute of operation at 10 kHz. It was felt the AAC community needs to make a greater effort to engage the optics damage community or form a consortium of universities, national laboratories and industry to address the issue in the long term. In the near term, it may be necessary to reduce the laser fluences on optics below the range that is currently acceptable for lower repetition rate systems. This will result in larger, more expensive optics and thus is undesirable. For non-beam combined lasers this may also be a challenge in that high intensity is the key to high laser efficiency. Additionally, there are currently only a few vendors for key optics and they are near capacity, meaning spares can have very long lead times. Finally, it was noted that higher throughput compressors and compressor optics will be needed for future systems. Compressor losses will be very problematic at high power in that they will degrade the system efficiency and create thermal problems wherever the none compressed light deposits.
One approach to high damage threshold optics is plasma lenses, which do not degrade with time as the plasma continuously reforms. Daniel Gordon of Naval Research Laboratory reported on recent modeling and experimental work in the creation and use of plasma lenses [15] .
VI. ACCELERATOR FACILITY UPDATES
The accelerator facility papers were presented in the joint session with Working Group 5. A key milestone discussed at this conference is that laser facilities are now showing the capability for long (>24 hour) run times. This suggests the technology is maturing and moving from an R&D dominated phase to devices of use to the scientific end user. Discussion in this area centered on the need for more diagnostics that would better characterize the experiments, particularly the laser in the interaction zone. This is important as this information is key to ensure inputs into the models is accurate. Further, the community felt that these diagnostics needed to be the responsibility of the facilities to develop rather than the end users.
M. Hegelich from the University of Texas at Austin presented a plenary paper on the CoReLS 4 PW laser system at Institute for Basic Science [16] . This facility houses both a 4 PW and 1.5 PW laser system with a common front end and can attain intensities up to 10 on 100 ps time scales. It has three experimental stations enabling experiments in a wide array of fields including but not limited to: wake field acceleration, ion and neutron production, relativistic high harmonic generation and quantum electro-dynamics.
Csaba Toth presented an overview of the BELLA PW laser facility at LBNL [17] . He showed stable operation of laser (46 J, 1% power stability, 1.3 µrad pointing jitter) is attained over 10 hours of operation. Over the last several years BELLA has steadily increased the fraction of high energy laser shots from approximately 15% in 2013 to >60% in 2017 with a similar number projected for 2018. BELLA has also recently produced 7 GeV electrons via laser plasma wake field acceleration.
Mark Palmer of Brookhaven National Laboratory (BNL) gave an overview of the Accelerator Test Facility (ATF) at BNL [18] . ATF has a high peak power CO 2 laser (discussed in section 2 above and [2] ) that will be capable of 2 TW pulses at 9.2 µm available for user experiments by end of 2018. BNL is dedicated to the continuous improvement of their CO2 laser system with a goal of >10 TW peak power pulses. ATF also has electron beam lines and the ability to interact the CO2 laser with the electron beam lines.
Frank
Stephan of DESY presented a talk on the Photo Injector Test facility in Zuethen (PITZ) [19] . PITZ is a welldeveloped photo injector test facility. They have a broad scientific program and are open for new collaborations. Detailed beam diagnostics are available to collaborators. The PITZ paper provided details on numerous experiments conducted or currently in progress at PITZ [19] .
Jonas Svensson of Lund University presented progress on the beamline design for plasma wakefield acceleration experiments at MAX IV [20] . The design for this beamline is nearly complete and will include diagnostics and is planned to support multipurpose wake field experiments. The teams simulations and preliminary experiments show promising results. The team's goal is to complete the simulations and begin designing of a target for plasma wake field acceleration.
